Studies using genetically modified mice have revealed fundamental functions of the transcription factor Fos/AP-1 in bone biology, inflammation, and cancer. However, the biological role of the Fos-related protein Fra-2 is not well defined in vivo. Here we report an unexpected profibrogenic function of Fra-2 in transgenic mice, in which ectopic expression of Fra-2 in various organs resulted in generalized fibrosis with predominant manifestation in the lung. The pulmonary phenotype was characterized by vascular remodeling and obliteration of pulmonary arteries, which coincided with expression of osteopontin, an AP-1 target gene involved in vascular remodeling and fibrogenesis. These alterations were followed by inflammation; release of profibrogenic factors, such as IL-4, insulin-like growth factor 1, and CXCL5; progressive fibrosis; and premature mortality. Genetic experiments and bone marrow reconstitutions suggested that fibrosis developed independently of B and T cells and was not mediated by autoimmunity despite the marked inflammation observed in transgenic lungs. Importantly, strong expression of Fra-2 was also observed in human samples of idiopathic and autoimmune-mediated pulmonary fibrosis. These findings indicate that Fra-2 expression is sufficient to cause pulmonary fibrosis in mice, possibly by linking vascular remodeling and fibrogenesis, and suggest that Fra-2 has to be considered a contributing pathogenic factor of pulmonary fibrosis in humans.
T
he transcription factor AP-1 is composed of Jun (c-Jun, JunB, JunD) and Fos proteins (c-Fos, FosB, Fra-1, Fra-2) which control a variety of stress responses, including cell proliferation, apoptosis, inflammation, wound healing, and cancer (1) . Individual Fos proteins have been thoroughly studied in gain-and loss-of-function mouse models, which revealed important functions in bone cell proliferation and differentiation (2) (3) (4) . Fra-2 is the least-studied Fos protein. It was recently demonstrated that loss of Fra-2 causes perinatal lethality (5), but there is no direct genetic evidence that Fra-2 or other Fos proteins are involved in the pathogenesis of fibroproliferative diseases.
Pulmonary fibrosis is a common and usually fatal end-stage condition of various lung diseases characterized by interstitial pneumonia and scarring. Inflammation is an important contributor in some subtypes of pulmonary fibrosis that have been associated with autoimmune diseases such as systemic sclerosis. However, the etiology is unknown in most cases, which are therefore classified as idiopathic pulmonary fibrosis (IPF) or nonspecific interstitial pneumonia (NSIP) (6) . Although IPF was initially considered an autoimmune disease, there is no obvious correlation between the severity of inflammation and disease prognosis, and patients are largely unresponsive to immunosuppressive therapy (7) . More recent data have proposed that IPF is an epithelial/mesenchymal disease resulting from repeated epithelial cell injury and aberrant wound healing (8, 9) . Besides aberrant matrix production by mesenchymal cells, vascular remodeling of pulmonary arteries and pulmonary arterial hypertension have been identified as potential prognostic factors in IPF (10) , but the relevance of these findings for the pathogenesis remains unclear (11, 12) .
In this study, we report a profibrogenic activity of the Fosrelated protein Fra-2. Ectopic expression of Fra-2 in transgenic mice caused fibrosis in several organs but mainly affected pulmonary tissues. Several growth factors, chemokines, and cytokines implicated in human pulmonary fibrosis were strongly expressed in diseased lungs of transgenic mice. Moreover, human samples of pulmonary fibrosis with IPF and NSIP showed strong immunoreactivity for Fra-2, suggesting that the pathomechanisms leading to pulmonary fibrosis in this transgenic mouse model may also be relevant for human disease.
Results
Fra-2 Transgenic ( fra-2 tg ) Mice Develop Pulmonary Fibrosis. We have previously generated H2Kb-c-fos and H2Kb-fra-1 transgenic mice to investigate the functions of these proteins in bone biology (2, 3) . The same transgenic vector design was used here to generate fra-2 tg mice in which the murine fra-2 gene was expressed under control of the ubiquitous major histocompatibility complex class I antigen H2Kb promoter (Fig. 1a ). An IRES-EGFP reporter gene was placed downstream of the genomic fra-2 sequence to detect transgene expression. The 3Ј long terminal repeat sequence of the Finkel-Biskis-Jinkinsmurine sarcoma virus was linked to the 3Ј end of the IRES-EGFP sequence to stabilize fra-2 mRNA and to ensure fra-2 expression in mesenchymal cells. Three transgenic founder lines (12, 13, and 15) were established for further analyses. Southern blot and quantitative PCR analyses demonstrated that founders 12, 13, and 15 harbored approximately 4, 60, and 3 transgene copies, respectively (Fig. 1b and data not shown) . RNaseprotection assays revealed transgene expression in various tissues of lines 12 and 13 [supporting information (SI) Fig. S1 and data not shown]. In contrast, no transgene expression was detectable in tissues of line 15 (data not shown). Transgenic mice of all lines were fertile, born in Mendelian ratio, and did not display any apparent early developmental abnormalities. Sur-prisingly, transgenic mice of lines 12 and 13 died at a median age of 17 weeks with clinical signs of respiratory distress such as tachypnea and hunched posture (Fig. 1c and data not shown) . Macroscopical examination of sick mice at this age revealed massively increased lung weight and pulmonary tissue stiffness ( Fig. 1 d and e) . Lung size was increased, which may be partly due to increased stiffness preventing collapse of pulmonary tissues after organ resection. Fibrosis with abundant collagen deposition was most apparent in the lung but appeared also in other organs such as skin, thymus, and the periportal tracts of the liver, stomach, esophagus, and heart, but not in the kidney (Fig. S1 and data not shown). Lines 12 and 13 also showed increased bone mass and rare tumor formation such as fibrosarcomas in the head/neck region (unpublished observations). Transgene RNA expression was readily detectable in the lungs of lines 12 and 13 ( Fig. 1f and data not shown). Western blot analyses of protein extracts from lungs and other tissues demonstrated that the transgene gives rise to full-length Fra-2 protein (Fig. 1g and data not shown). Moreover, transgenic Fra-2 protein was fully functional because its expression rescued perinatal lethality of mice with targeted disruption of fra-2 (data not shown). Transgene expression in diseased lungs was more precisely assessed by direct fluorescence of the transgene-encoded reporter EGFP. Weak EGFP fluorescence was present throughout the lung tissue but was most prominently observed in smooth muscle cells of pulmonary arteries and bronchi and neointimal cells as well as in fibroblastic proliferations ( Fig. 1 h-j) .
Histopathological Characterization of Pulmonary Fibrosis in fra-2 tg
Mice. Proceeding fibrosis in fra-2 tg lungs was studied to identify early events of disease development (Fig. 2 a-d) . No obvious defect in lung development and morphology was observed before 12 weeks of age. Apoptosis of alveolar epithelial cells has been proposed as an initial stimulus of pulmonary wound healing and fibrogenesis in mice (13) . However, increased apoptosis as assessed by TUNEL staining and deregulated expression of apoptosis-related genes was not evident before the onset of fibrosis ( Fig. S2 and data not shown). Obliteration of pulmonary arteries was the first apparent pathological alteration and frequently coincided with perivascular inflammation, whereas the bronchial architecture was not altered. Increased thickness of pulmonary artery walls was observed at 12 weeks of age and preceded the onset of fibrosis by 2-3 weeks (Fig. 2f ) . Vascular obliteration was characterized by massive formation of neointima induced by proliferation of vascular smooth muscle cells (VSMCs) as determined by immunohistochemical staining for the proliferation marker Ki67 and ␣SMA (Fig. 2 g-i) . At later stages, more prominent interstitial inflammation, tissue damage, and deposition of collagen occurred ( Fig. 2 c and d) , and cellular structures resembling fibroblastic foci became apparent (magnification in Fig. 2c ). The phenotype of end-stage, diseased fra-2 tg lungs resembled some aspects of human NSIP-and IPF-related usual interstitial pneumonia, including fibrosis, dense lymphocytic infiltration, hyperplasia of bronchusassociated lymphoid tissue, and the presence of honeycombing changes in the peripheral lung lobules (Fig. 2 d and e) .
ECM Production and Inflammation in Pulmonary Fibrosis of fra-2 tg
Mice. Production of ECM by activated fibroblasts called myofibroblasts is a hallmark of pulmonary fibrosis (14) . ECMproducing myofibroblasts were also present in the diseased lungs of fra-2 tg mice (Fig. S3) . Interestingly, most myofibroblasts expressed the epithelial marker cytokeratin 8/18 (Fig. S3 ). This finding suggests that the epithelial-to-mesenchymal transition is likely an important source of myofibroblasts in fra-2 tg lungs, which is consistent with previous findings in TGF␤-dependent pulmonary fibrosis (15) . However, increased collagen production in ECM-producing cells was not mediated by Fra-2 in a cell-autonomous manner because deposition of collagen was not elevated in primary pulmonary fibroblasts of fra-2 tg mice in vitro and stimulation with the profibrogenic factors TGF-␤ 1 and IL-4 induced collagen production to a similar extent as in fibroblasts isolated from littermate controls (Fig. S3 ). These findings suggest that pulmonary fibrosis in fra-2 tg mice is not primarily induced by aberrant Fra-2-dependent ECM production of mesenchymal cells.
Inflammation is not a prominent feature of human IPF but is more pronounced in immune-mediated and idiopathic cases of NSIP. In diseased fra-2 tg lungs, mixed perivascular and peribronchial inflammatory infiltrates were present ( investigate whether ectopic expression of fra-2 in the bone marrow compartment contributes to development of pulmonary fibrosis. Importantly, no pulmonary fibrosis developed in wildtype mice that were reconstituted with fra-2 tg bone marrow. In contrast, pulmonary fibrosis developed in fra-2 tg animals that were reconstituted with wild-type bone marrow (Fig. 3 a-c and Table S1 ). The efficiency of reconstitution was evaluated by Southern blot (data not shown) and FACS analysis of transplanted bone marrow cells and splenocytes detecting transgeneencoded EGFP (Fig. S4 ). These data suggest that development of pulmonary fibrosis requires Fra-2 expression in pulmonary rather than inflammatory cells.
In a different approach, fra-2 tg mice lacking functional B and T lymphocytes were generated ( fra-2 tg /rag2 Ϫ/Ϫ ). The severity of pulmonary fibrosis was not altered in these mice (Fig. 3 d-g ), indicating that T and B lymphocytes are not essential for the pathogenesis of pulmonary fibrosis.
Molecular Factors Involved in Pulmonary Fibrosis of fra-2 tg Mice.
Several growth factors, chemokines, and cytokines contribute to the pathogenesis of pulmonary fibrosis and are elevated in human patients (16) . Among these profibrogenic factors is the AP-1 target gene osteopontin (17) (18) (19) (20) . In fra-2 tg lungs, osteopontin expression was significantly elevated at 12 weeks of age and increased thereafter (Fig. 4a) . Osteopontin was predominantly expressed by alveolar macrophages and the alveolar epithelium (Fig. 4 b and c) . These alterations were followed by strong expression of insulin-like growth factor 1 at 13 weeks of age (Fig.  4d) . Interestingly, expression of TGF␤ isoforms was not increased (Fig. S5) , and phosphorylated Smad2, an indicator of TGF␤ activity, could be detected only at late stages of disease (Ͼ17 weeks) by immunohistochemistry (data not shown). Among chemokines, strong expression of the proangiogenic chemokines CXCL5 and CXCL1, the mouse homolog of human CXCL8, was observed at 13 weeks of age (Fig. 4d) . Expression of CCL19 was rather reduced in fra-2 tg lungs, whereas expression of CCL21 was unchanged, suggesting that these CCR7 ligands do not contribute to fibrosis in fra-2 tg mice. Among cytokines, elevated expression of IL-2, IL-4, IL-6, and GM-CSF (Fig. 4e and Fig. S5 ) was observed. At terminal stages of disease (20 weeks of age), additional expression of IL-1␤, IFN-␥, CCL1, CCL2, CCL3, CCL4, CXCL2, CXCL10, and CXCL11 was observed (Fig. 4f ) . These data indicate that pulmonary fibrosis in fra-2 tg mice recapitulates the expression of several profibrogenic factors in human patients and suggest that osteopontin may be a key factor in disease pathogenesis (see proposed model in Fig. 4g ). Transgenic Fra-2 expression in inflammatory cells is not required for pulmonary fibrosis in fra-2 tg mice. (a-c) Representative Chromotrop Anilinblue (CAB) stainings of lungs after irradiation and bone marrow reconstitution using wild-type (wt) and fra-2 tg (tg) animals as recipients and donors. The wild-type control is shown in a. Wild-type recipients reconstituted with fra-2 tg bone marrow (BM) did not develop pulmonary fibrosis (b), whereas fra-2 tg animals reconstituted with wild-type bone marrow developed the disease (c).
Collagen is stained in blue. (d-g) Breeding of fra-2 tg animals into a rag2-deficient genetic background (no functional B and T cells) did not ameliorate pulmonary fibrosis. Shown are CAB stainings demonstrating comparable collagen deposition (blue) in fra-2 tg /rag2 ϩ/Ϫ (d) and fra-2 tg /rag2 Ϫ/Ϫ (e) mice (n ϭ 6). Lung weight ( f) (n ϭ 6) and mortality (g) (n Ն 10) were equally increased in fra-2 tg and fra-2 tg /rag2 Ϫ/Ϫ mice.
evaluated by Fra-2 immunohistochemistry on patient samples of pulmonary fibrosis. Fra-2 was weakly expressed in some bronchial epithelial cells and occasionally in VSMCs of pulmonary arteries in control samples (n ϭ 5) (Fig. 5a and Table S2 ). In contrast, consistently strong nuclear expression of Fra-2 was detectable in human samples of IPF with the histopathological picture of usual interstitial pneumonia (n ϭ 20). Similar immunoreactivity was observed in immune-mediated cases of pulmonary fibrosis with the pathological picture of NSIP (n ϭ 7) and cases of systemic sclerosis presenting as NSIP (n ϭ 7) (Fig. 5 b-d and Table S2 ). In these samples, strong Fra-2 expression was detected in most bronchial and pneumocytic epithelial cells, fibroblastic foci, endothelial cells, and VSMCs of pulmonary arteries (Fig. 5) . Moreover, expression of Fra-2 was observed in alveolar macrophages but not in infiltrating lymphocytes (data not shown). Increased expression of Fra-2 in human samples was also quantified by histomorphometry (Fig. 5e ). These data suggest that increased Fra-2 expression may be an important profibrogenic event in various types of human pulmonary fibrosis.
Discussion
Genetically modified mice have provided important insights into the contribution of several Fos/AP-1 proteins to inflammation, bone biology, and cancer (1, 21, 22) . The biological functions of the Fos-related protein Fra-2 are less well defined. Fra-2-deficient pups die postnatally for as-yet-unknown reasons (5) . In this study, we have generated a transgenic mouse model for Fra-2 that revealed an unexpected profibrogenic function of this Fos protein in a variety of tissues but most prominently in the lung. Interestingly, a similar phenotype has not been observed previously in CMV-fra-2-transgenic mice (23) in which transgene expression was not detectable in the lung and low in other organs.
The manifestation of fibrosis in fra-2 tg mice resembles human systemic sclerosis, an autoimmune disease with generalized fibrosis that frequently affects the lung. However, sera of fra-2 tg mice were negative for autoantibodies directed against endothelial cells, topoisomerase I, and other antigens frequently associated with systemic sclerosis (data not shown). Moreover, disease was not altered in the absence of functional B and T lymphocytes, which argues against an autoimmune disease etiology in fra-2 tg mice.
Importantly, fra-2 tg mice represent a model for IPF or NSIP and could be used to further unravel the unknown pathomechanisms of these fatal lung diseases. Neointima formation and obliteration of pulmonary arteries were the first apparent alterations in fra-2 tg lungs. Intriguingly, intimal proliferation and medial thickening of muscular pulmonary arteries and pulmonary veins is frequently observed in patients with IPF (14) and pulmonary fibrosis associated with systemic sclerosis (24) may cause pulmonary arterial hypertension. It is widely believed that these alterations and pulmonary hypertension are secondary events without major impact on the course of fibrosis. However, a recent report has positively correlated pulmonary arterial changes with fibrosis in IPF (12) . This report and other findings have raised the question whether the pathogenesis of pulmonary fibrosis and pulmonary hypertension may possibly be linked (11, 25) . In humans, pulmonary arterial hypertension does not necessarily cause pulmonary fibrosis (25) , but additional factors could indeed link vascular disease and fibrosis. In the light of these findings, it is tempting to speculate that increased expression of Fra-2 in various pulmonary cell types creates a microenvironment that leads to vascular disease and subsequent fibrosis.
Fra-2 can mediate obliteration of pulmonary arteries by two different mechanisms. AP-1 is activated by various proliferative signals such as PDGF in pulmonary arterial smooth muscle cells (SMCs) in vitro (26) and mediates VSMC proliferation in injured carotid arteries in vivo (27) . The hyperproliferation of pulmonary arterial SMCs observed in fra-2 tg mice could thus occur in a cell-autonomous manner due to transgene expression. On the other hand, proliferation of VSMCs could be induced by soluble and Fra-2-dependent factors. Interestingly, expression of osteopontin coincided with the onset of vascular remodeling at 12 weeks of age and was the earliest factor up-regulated in fra-2 tg mice. Osteopontin has been implicated in the pathogenesis of various lung diseases in humans (19) and likely contributes substantially to the vascular alterations and fibrosis observed in fra-2 tg lungs. This possibility is substantiated by previous findings that osteopontin-transgenic mice show neointimal proliferation upon challenging the aorta (28) and that osteopontin-null mice develop reduced lung fibrosis after bleomycin instillation (29) . Interestingly, several reports have shown that osteopontin expression is directly regulated by AP-1 in VSMCs and macrophages (17, 18, 20) , and Fra-2 may be part of this regulatory AP-1 complex. Thus, induction of osteopontin expression in alveolar macrophages and pulmonary epithelium by Fra-2 could be an important molecular event that triggers vascular alterations, attracts inf lammatory cells, and leads to fibrosis in fra-2 tg mice. However, Fra-2-dependent osteopontin expression in inf lammatory cells is likely not sufficient to cause fibrosis, suggesting that an additional stimulus or Fra-2 expression in other cell types is required to trigger the onset of disease.
Vascular remodeling in fra-2 tg lungs was frequently associated with inf lammation and expression of several growth factors and chemokines/cytokines involved in the pathogenesis of human pulmonary fibrosis and bleomycin-induced pulmonary fibrosis in mice such as IGF-1, CXCL5, IL-4, IL-1␤, CCL2, and CCL3 (16, 30 -32) . These factors likely contribute to the progression of pulmonary fibrosis, e.g., by regulating collagen production by fibroblasts (33) , and may at least in part be controlled by Fra-2/AP-1. Interestingly, the expression of TGF␤ members was not elevated during early stages of disease development in fra-2 tg mice, although it has been shown that AP-1 activates the TGF␤ 1 promoter in macrophages upon IL-13 stimulation, thereby promoting bleomycin-induced pulmonary fibrosis (34) . Our findings suggest that this profibrogenic mechanism is not essential in fra-2 tg mice.
In summary, our findings reveal a profibrogenic function of the transcription factor Fra-2 and that fra-2 tg mice may serve as a promising animal model for devastating fibroproliferative diseases such as pulmonary fibrosis. Moreover, we propose that Fra-2-mediated osteopontin expression contributes to vascular remodeling, chronic inflammation, and subsequent fibrosis observed in the lung of transgenic mice and possibly in human patients.
Materials and Methods
Generation of fra-2 tg Mice. The full-length mouse fra-2 was isolated from a library and cloned into the H2-c-fosLTR vector as described (2) . An IRES-GFP-LTR sequence was cloned 3Ј of fra-2. Transgenic mice were kept on a mixed genetic background (C57BL/6 ϫ CBA) and nontransgenic littermates were used as controls. Pulmonary fibrosis and premature mortality were not altered by backcrossing to C57BL/6 or 129/Sv for more than six generations.
Southern and Western Blotting and ELISA. Genomic DNA was digested with HindIII, yielding a 12-kb fragment for the wild-type fra-2 allele and a 10.5-kb fragment for the transgenic fra-2 allele. A 0.6-kb KpnI fragment from exon 2 of fra-2 was used as a probe. Western blotting was performed by using antibodies against Fra-2 or Actin (Sigma). ELISA of lung lysates was performed by using Bioplex mouse cytokine arrays (Bio-Rad).
RNase-Protection Assay. The RNase-protection assay was performed by using the RiboQuant multiprobe RNase protection assay systems mFos/Jun, mAPO1, Representative examples are shown. Fra-2-negative nuclei and Fra-2-positive nuclei were counted, and the signal intensity was quantified by using HistoQuest software (TissueGnostics). Four randomly chosen fields on control, IPF, and systemic sclerosis sections were quantified and are shown as merged images.
mAPO2, mAPO3, mCK5c, mCK2b, and mCK3b (PharMingen) according to the manufacturer's protocol.
PCR Analysis. PCR for genotyping of fra-2 tg mice was performed with primers h2-fos-up: agtctggcctgcgggtctct and rep19: ccacaacttacagcggtgaagtat detecting the transgene (560 bp). For RT-PCR, light cycler Fast Start DNA Master SYBR Green (Roche Diagnostics) was used. Primer sequences are available upon request. RNA from at least three animals was analyzed in duplicate, and the expression levels of transcripts were calculated with the comparative CT (threshold concentration) method. The individual RNA levels were normalized for tubulin or hprt and are depicted as relative expression levels.
Histology, Immunohistochemistry, and Tissue Cytometry. Tissues were fixed in neutral-buffered 4% paraformaldehyde, and sections were stained with H&E or Chromotrop Anilinblue (CAB) by using standard procedures. Immunohistochemistry was performed by using antibodies against Ki67 (Novocastra), ␣SMA (Sigma), and osteopontin (R&D). Staining of human samples was performed with anti-Fra-2 antibodies (Santa Cruz Biotechnology H103 and L15). Transgene expression was assessed by direct fluorescence of transgeneencoded IRES-GFP on cryosections. Fra-2 expression in human samples was judged and quantified independently by two experienced pathologists (L.K. and H.P.). The staining intensity was quantified by tissue cytometry using the HistoQuest analysis software (TissueGnostics). HistoQuest separates the antibody-mediated chromogen stain and the counterstain. Results are displayed in dot plots, with each dot representing a single cell in the tissue sample.
Bone Marrow Reconstitution Experiments.
Reconstitution experiments were performed with littermates as donors and recipients (mixed C57BL/6 ϫ 129/Sv background). Bone marrow cells (4 ϫ 10 6 cells) were injected into the tail vein of lethally irradiated (9.5 Gy) female recipient mice (6 -10 weeks old). Control mice were injected with PBS and died a few days after irradiation. Reconstituted mice were killed at the time points indicated in Table S1 .
Statistical Analysis. Data in bar graphs represent mean Ϯ SD. The nonparametric Mann-Whitney test and nondirectional unpaired Student's t test were used for statistical analysis as appropriate.
More information is available in the SI Materials and Methods.
